Intermediate filaments (IFs) are cytoskeletal polymers whose protein constituents are encoded by a large family of differentially expressed genes. Owing in part to their properties and intracellular organization, IFs provide crucial structural support in the cytoplasm and nucleus, the perturbation of which causes cell and tissue fragility and accounts for a large number of genetic diseases in humans. A number of additional roles, nonmechanical in nature, have been recently uncovered for IF proteins. These include the regulation of key signaling pathways that control cell survival, cell growth, and vectorial processes including protein targeting in polarized cellular settings. As this discovery process continues to unfold, a rationale for the large size of this family and the contextdependent regulation of its members is finally emerging.
Intermediate filaments (IFs) are cytoskeletal polymers whose protein constituents are encoded by a large family of differentially expressed genes. Owing in part to their properties and intracellular organization, IFs provide crucial structural support in the cytoplasm and nucleus, the perturbation of which causes cell and tissue fragility and accounts for a large number of genetic diseases in humans. A number of additional roles, nonmechanical in nature, have been recently uncovered for IF proteins. These include the regulation of key signaling pathways that control cell survival, cell growth, and vectorial processes including protein targeting in polarized cellular settings. As this discovery process continues to unfold, a rationale for the large size of this family and the contextdependent regulation of its members is finally emerging.
Intermediate filaments (IFs), first described by Holtzer and colleagues (Ishikawa et al. 1968 ) from studies of muscle in the late 1960s, serve as ubiquitous cytoskeletal scaffolds in both the nucleus and cytoplasm of higher metazoans (Erber et al. 1998) . In human, mouse, and other mammalian genomes, ∼70 conserved genes encode proteins that can self-assemble into 10-to 12-nmwide IFs. Apart from three lamin-encoding genes, whose products localize to and function in the nucleus, the other ∼67 IF genes encode cytoplasmic proteins (Table 1 ; Hesse et al. 2001) . Although heterogeneous in size, primary structure, and regulation, IF proteins share a common tripartite domain structure, with the defining feature being a centrally located, 310-residue-long ␣-helical domain (352 for lamins) containing long-range heptad repeats of hydrophobic/apolar residues (Fig. 1A) . These conserved features were formalized with the cloning and sequencing of the first IF protein-encoding gene, keratin 14 (Hanukoglu and Fuchs 1982) . The central "rod" domain mediates coiled-coil dimer formation and otherwise represents the major driving force sustaining selfassembly (for review, see Fuchs and Weber 1994; Herrmann and Aebi 2004; Parry 2005 ). The rod is flanked, at both ends, by nonhelical sequences that differ in length, sequence, substructure, and properties. Variations in the so-called "head" and "tail" domains account for the marked heterogeneity in IF protein size (M r ∼ 40-240 kDa) (Table 1 ) and other attributes. A "one gene/one protein" rule seems to prevail in the family, as relatively few IF mRNAs (lamin A/C, GFAP, peripherin, and synemin) (Table 1) yield distinct protein products via alternative splicing.
Most biomedical researchers' understanding of fibrous cytoskeletal polymers is primarily influenced by the extraordinary properties of F-actin and microtubules, whose pleiotropic roles tend to be universal and can be investigated in cultured cell lines and simple model eukaryotes (Alberts et al. 2002) . IFs are fundamentally different, as follows: Functionally, cytoplasmic IF proteins are not required for life at the single-cell level, as evidenced by their complete absence in yeast, in Drosophila (Erber et al. 1998) , and in some mammalian cell lines (Venetianer et al. 1983 ). Yet, they are clearly functionally required in a broad range of metazoans ranging from Caenorhabditis elegans (e.g., see Karabinos et al. 2001 ) to mammals (Fuchs and Cleveland 1998; Omary et al. 2004; this review) , and possibly in bacteria as well (Ausmees et al. 2003) . Biochemically, they exhibit an apolar (i.e., the two ends of the fiber are structurally identical) and heterogeneous substructure (Aebi et al. 1988; Herrmann and Aebi 2004) . Whereas polymerized IFs exhibit cycles of disassembly and reassembly under "steady-state conditions" in vivo (e.g., see Vikstrom et al. 1992; ; for review, see Helfand et al. 2004) , IF proteins do not directly bind and metabolize nucleotides as actin and tubulin do. Several IF proteins assemble into IFs as obligate heteropolymers (e.g., keratin, neurofilaments, nestin), while others (e.g., vimentin, desmin) can do so either as homo-or hetero-polymers. There currently are no data consistent with IFs serving as "tracks" for molecular motors, yet they significantly contribute to the complex cytoarchitecture of a host of differentiated cell types. This text discusses the recent inroads made toward defining the properties and functions of cytoplasmic IFs, and identifies some of the key challenges lying ahead. Concurrent progress made for the nuclear lamins is not discussed but was recently covered by others (Gruenbaum et al. 2005; Worman and Courvalin 2005; Broers et al. 2006; Capell and Collins 2006; Mattout et al. 2006; Navarro et al. 2006) .
General features of IFs

Structure
Form defines function. For cytoskeletal polymers, "form" consists of the combination of their structure and functional organization, including assembly sites, dynamics and turnover, and integration with other elements of the cell. Owing to the presence of longrange heptad repeats (Fig. 1A) , cytoplasmic IF proteins readily form highly stable coiled-coil dimers (42-44 nm in length) in which the two participating monomers exhibit a parallel, in-register alignment. Dimers then associate along their lateral surfaces, with an antiparallel orientation, to form apolar tetramers (Fig. 1B) , which are readily obtained in high yield in vitro and have been isolated as soluble entities from in vivo sources (Soellner et al. 1985; Herrmann and Aebi 2004; Bernot et al. 2005) . IF proteins have been difficult to crystallize, owing to their notorious insolubility, lack of suitable assembly inhibitors, and polymerization-prone character (Strelkov et al. 2001) , and thus there is as yet no "atomic-level" information for the structure of polymerized IFs. Various analyses of filaments, both in vitro (Aebi et al. 1988; Herrmann and Aebi 2004) and in suitable tissues in vivo (e.g., see Er Rafik et al. 2004; Norlen and Al-Amoudi 2004) , have shown that mature IFs (Fig. 1C) are comprised of several subfibrils (Fig. 1D) . The presence of a clear 21-to 22-nm axial repeat in some EM preparations of filaments (Aebi et al. 1983 (Aebi et al. , 1988 implies that coiled-coiled dimers are staggered in a consistent fashion within the wall of the mature polymer. How subunits interact, laterally and longitudinally, to give rise to mature IFs is being defined with increasing depth (e.g.,see Hess et al. 2004; Bernot et al. 2005; Sokolova et al. 2006) . Compared with the central rod, the contributions of the N-terminal head and C-terminal tail domains to filament assembly vary depending on the IF protein considered. Given their exposure at the polymer surface, the end domains are poised to mediate interactions with other filaments and a host of cellular proteins, as well as serve as substrates for posttranslational modifications that regulate structure, organization, and function (Coulombe and Wong 2004; Green et al. 2005; Izawa and Inagaki 2006; Omary et al. 2006) .
Organization within the cell
IFs are integrated with other key elements making up the cell's interior. They interact with the other major determinants of cellular architecture, including microtubules, F-actin, and various types of adhesive complexes spanning the outer cell membrane, including desmosomal (cell-cell) attachments and integrin-based linkages to the extracellular matrix (Svitkina et al. 1996; Fuchs and Cleveland 1998; Jefferson et al. 2004 ). Proteins of the plakin family serve as ideal molecular bridges mediating many of these attachments. Thus desmoplakin, plectin, BPAG isoforms, to name a few, are unusually large and feature a modular substructure that consists of a long coiled-coil forming, ␣-helical rod domain in their center, flanked by globular domains that house the determinants mediating binding to IFs and other cytoskeletal proteins (Fuchs and Cleveland 1998; Wiche 1998; Jefferson et al. 2004) . Disrupting the function of plakin proteins in vivo yields clinically significant phenotypes (see Jefferson et al. 2004; Omary et al. 2004 ) that overlap with genetic deficiencies in relevant cytoplasmic IF Keratin IFs are organized in a network that spans the whole cytoplasm, and are attached to desmosomes at points of cell-cell contacts. (n) Nucleus. Bar, 20 µm. Courtesy of Dr. Kathleen Green. (F) Gut epithelial wall in cross-section, emphasizing the epithelium. This fresh frozen specimen was triple-labeled for K8/K18 (red chromophore), K19 (green chromophore), and nuclei (blue chromophore). Note the concentration of staining at the apical pole of enterocytes. The asterisk denotes a goblet cell, which also features a prominent K8/K18 network in the cytoplasm. (bl) Basal lamina; (lum) lumen; (n) nucleus. Bar, 20 µm. Courtesy of Dr. Diana Toivola. genes (as detailed below). IFs also interact with organelles, including mitochondria, Golgi, endosomes, and lysosomes (for review, see Toivola et al. 2005) in the cytoplasm and are anchored at the surface of the nucleus. A long-awaited development recently took place as Wilhelmsen et al. (2005) provided evidence that nuclear attachment of cytoplasmic IFs occurs via plectin-mediated interaction with nesprin-3, a new protein that spans the nuclear envelope. Further studies are needed to ascertain the role of nesprin-3-mediated attachments in living tissues and organs and investigate whether this nuclear anchoring mechanism is of widespread relevance.
In vivo, the architecture of the cytoplasmic IF network varies according to cell type and tissue context. In skin keratinocytes, for instance, keratin IFs form a dense, pan-cytoplasmic network that is anchored at points of cell-matrix and cell-cell adhesion (Fig. 1E ), whereas in polarized (simple) epithelial linings, they are sparser and often concentrated near the apical pole of the cell ( Fig.  1F ; Coulombe and Omary 2002) . A similar situation prevails in differentiated myofibers, where desmin IFs are concentrated at the Z-lines linking adjacent sarcomeres (Lazarides 1980) . In fibroblasts, IFs extend through much of the cytoplasm, often in close juxtaposition to microtubules (Ball and Singer 1981) . A striking example of differentiation-dependent organization of cytoplasmic IFs is found in myelinated neurons of the CNS. Neurofilaments, which are heteropolymers of "L," "M," and "H" subunits in an ∼5:3:1 molar ratio (a notion that may need revision in light of recent data) (see Yuan et al. 2006) , are highly abundant in the axoplasm, where they run in parallel arrays and markedly outnumber microtubules. In this setting, neurofilaments are required for the radial growth of axons, a major determinant of conduction velocity (Cleveland et al. 1991) . When visualized by electron microscopy, neurofilaments exhibit side arms that project laterally, at regular intervals, from the 10-to 12-nm filament core (Hirokawa et al. 1984) . These side arms represent the unusually long C-terminal tail domains of the NF-M and NF-H subunits; they feature KSP repeats that are nearly stoichiometrically phosphorylated in vivo, potentially accounting for their orientation nearly perpendicular to the filament core (Lariviere and Julien 2004 ). An elegant set of studies recently revealed that it is the tail domain of NF-M (Garcia et al. 2003) , not NF-H (Rao et al. 2002b) , that is targeted by the myelin-directed, "outside-in" signal(s) responsible for the phosphorylation-dependent radial growth of myelinated axons. These sidearms also contribute to regulating the axonal transport of NF proteins (for review, see Lariviere and Julien 2004) .
Of note, additional IF proteins (e.g., synemin, nestin) (see Table 1 ) display exceptionally long "tail domains" at their C termini. In the case of synemin, binding determinants located within this large tail domain account for its ability to interact with Z-lines and costameres in myocytes (Bellin et al. 2001) as well as components of focal adhesions in hepatic stellate cells (Uyama et al. 2006) . By contrast K19, a type I keratin (Table 1) , has an exceedingly short tail domain, and this character partly dictates the "stickiness" of the filaments it forms with its type II partner K5 (Bousquet et al. 2001) . Other than as substrates for post-translational modifications, the "end domains" thus participate in IF organization in vivo through interactions with cis-and trans-acting (protein) determinants.
Assembly, dynamics, and turnover
Control over polymerization provides a key point of regulation for the organization and function of cytoskeletal filaments. There is, as yet, no defined "nucleator"-i.e., an Arp2/3-or ␥-tubulin-containing equivalent (Alberts et al. 2002 )-for cytoplasmic IFs. There is evidence, from studies of cultured cells, that keratin proteins are synthesized and assembled in the peripheral cytoplasm , near actin-rich focal contacts (Windoffer et al. 2006) . Alternatively, some IF proteins like the type III peripherin undergo microtubule-dependent, cotranslational assembly (Chang et al. 2006 ; see also Isaacs et al. 1989 ). There also is emerging evidence for temporal control as well. Neurofilament subunits are translated in the cell body, and transported down the axon as assembly subunits (via the "fast transport" pathway) or filament polymers (via the "slow" pathway) (e.g., see Yan and Brown 2005) . In early-stage mouse embryos (8-to 16-cell stage), type II keratins are translated significantly ahead of their type I assembly partners and temporarily stored unpolymerized in small aggregates (Lu et al. 2005) .
Once synthesized, IF proteins tend to be very stable, exhibiting long half-lives, though they can be turned over rapidly by the proteasome in a phosphorylation-and ubiquitin-dependent fashion (e.g., see Ku and Omary 2000) . Mice null for Mrj protein, a cochaperone protein to which K8/K18 bind (Izawa et al. 2000) , die in utero correlating with the presence of keratin aggregates in chorionic trophoblast cells, believed to interfere with chorioallantoic attachment during placental development (Watson et al. 2007 ). The available data show that Mrj is required for the proteasome-mediated degradation of K8/K18 in that context (Watson et al. 2007 ). Assembled IFs, on the other hand, can be quite dynamic depending, again, on context (Helfand et al. 2004 ). The mechanism(s) responsible for steady-state dynamics of IFs remain to be defined; it does not involve the metabolism of a subunit-bound nucleotide. The small nematode major sperm protein (MSP; 14 kDa) may be inspirational in that regard: It forms long and apolar filaments that exhibit an actin-like treadmilling-like behavior at the leading edge of locomoting sperm cells (déjà vu!). MSP filament dynamics requires ATP (although MSP protein itself does not bind nucleotides), a membrane phosphoprotein and at least two cytoplasmic proteins (Stewart and Roberts 2005) , and the combined action of these proteins presumably fosters MSP subunit loss from the polymer. Back to IFs, another key unsolved issue about their steady-state dynamics is whether subunit exchange occurs at filament ends, as is true for MSP (Stewart and Roberts 2005) , actin, and mirotubules (Alberts et al. 2002) , or within the IF core, as suggested (Vikstrom et al. 1992) .
Tissue-and context-dependent regulation of IF genes
A truly remarkable aspect of IF genes is their tight, differentiation-related regulation. As a general principle, distinct IF genes are transcribed as cells initially develop, mature, and reach the final differentiation state. As part of normal tissue homeostasis (e.g., repair following injury) and in disease states, mature cell types often revert to a developmental-like pattern of IF gene expression. The tight, context-dependent regulation of IF genes has been largely conserved, especially among mammals, as have the primary structure of their protein products, casting IF proteins as determinants of "tissue specificity." Other than its functional implications, the contextdependent transcription of IF genes provides an obvious and exceptional vantage point from which to define the molecular mechanisms responsible for differentiation and its plasticity. The main features of IF proteins are summarized in Table 2 .
Cytoplasmic IFs and mechanical support: a matter of integrity
Experimental mutagenesis studies (e.g., see Albers and Fuchs 1987; Coulombe et al. 1990; Hatzfeld and Weber 1991) established early on that altering the sequence of the rod domain (Fig. 1A) can profoundly and dominantly alter IF assembly in vitro and in vivo. This set the stage for studies in which various K14 rod domain mutants were tissue-specifically expressed, at substoichiometric levels, in transgenic mice (Coulombe et al. 1991b; Vassar et al. 1991) . These mice exhibited trauma-induced skin blistering associated with K14-mutant induced disruption of keratin filament network architecture in the relevant subset of epidermal keratinocytes. Other than highlighting the functional importance of keratin filaments in vivo, this blistering phenotype correctly hinted at the genetic basis for a phenotypically similar human condition, epidermolysis bullosa simplex (EBS) (Bonifas et al. 1991; Coulombe et al. 1991a; Lane et al. 1992) . Additional studies confirmed that the cell fragility seen in EBS corresponds to a loss-of-function phenotype. Key among them were the severe epithelial blistering phenotype exhibited by K14-and K5-null mice (Lloyd et al. 1995; Peters et al. 2001) , the finding that disease-causing mutations in either K5 or K14 markedly weaken the mechanical resilience of K5-K14 filament assemblies in vitro Gu and Coulombe 2005) and affect de novo IF network formation in live keratinocytes (Werner et al. 2004) , and the realization that EBS disease severity correlates with the impact of K5 or K14 mutations on IF assembly in vitro (e.g., see Letai et al. 1993) .
EBS rapidly evolved into a paradigm (e.g., see Fuchs and Coulombe 1992) , and we now know of >40 genetically determined diseases having, as their root cause, a mutation in an IF-encoding gene (Fuchs and Cleveland 1998; Irvine and McLean 1999; Omary et al. 2004 ; see http://www.interfil.org). Collectively, these disorders span a very broad clinical range that includes ectodermal dysplasias, myopathies and cardiomyopathies, neuropathies, lipodystrophies, and premature aging. In many instances, the disease is caused by a small mutation (missense allele; small insertion or deletion) (http://www. interfil.org) behaving dominantly, and its pathogenesis often involves fragility of the mutant IF protein-expressing cell type(s) (Fuchs and Cleveland 1998; Porter and Lane 2003; Omary et al. 2004) . Along with studies of null and transgenic mouse models, characterization of these diseases established that all types of IF proteins (Table 1) are engaged in a role of structural support in vivo. For a significant number of IF-based disorders, clinical symptoms and underlying pathology also point to cellular defects of a nonmechanical nature. As an example, several IF-associated diseases (or phenotypes in mice) are typified by the presence of intracellular aggregates of unpolymerized IF proteins that prove toxic to the cell (for discussions, see Omary et al. 2004; Zatloukal et al. 2004; Watson et al. 2007) .
Efforts are increasingly being devoted to defining the mechanical properties of IF-rich cells and tissues Helmke et al. 2000; Brown et al. 2001; Beil et al. 2003; Er Rafik et al. 2004; Suresh et al. 2005) , those of individual IFs (Guzman et al. 2006; Kiss et al. 2006) , and how these properties might be regulated during stress (e.g., see Perng et al. 1999; Helmke et al. 2000; Ridge et al. 2005) . As expected, the ability to provide structural support requires that IFs be organized into a "network" that integrates them with actin, microtubules, various types of adhesion complexes, and the nucleus (e.g., see Lammerding et al. 2004) , and the regulation of which involves interactions with "noncytoskeletal" proteins (e.g., kinases, phosphatases, heat-shock proteins, etc.). There are examples of "phenotypic convergence" reflecting this interdependency. Plectin deficiency causes a form of EBS with muscular dystrophy (McLean et al. 1996; Smith et al. 1996; Andra et al. 1997) ; EBS is otherwise a keratin-based disease, as already discussed, while a different form of muscular dystrophy is caused by mutations in lamin A/C (Bonne et al. 1999) . Sandre-Giovannoli et al. 2002) , or the small heatshock protein hsp27 (Evgrafov et al. 2004) , which binds IFs in vivo (e.g., see Perng et al. 1999) . Likewise, the same type of myopathy can be caused by mutations in either desmin (Goldfarb et al. 1998; Muñoz-Mármol et al. 1998) or ␣B-crystallin (Vicart et al. 1998) , another small heatshock protein that binds IFs in vivo (Wisniewski and Goldman 1998; Perng et al. 1999) . A better understanding of the mechanisms and interactions underlying IFs' contribution to structural support may lead to the design of alternative therapeutic strategies for IF-based diseases, which are largely nonexistent at present ).
IFs participate in the regulation of tissue growth and regeneration
Keratins regulate the translational apparatus
Tissue injury rapidly elicits a multifaceted repair program that involves the activation of wound-proximal resident cells and their participation in wound-site restoration. In many tissues (skin, liver, CNS, muscle, etc.), profound changes in the transcription and/or post-transcriptional regulation of IF genes and proteins are seen in wound-proximal cells (DePianto and Coulombe 2004) . In part, the resulting alterations in the composition and organization of the IF network likely alter cellular viscoelastic properties so as to optimize migration of regenerating cells into the wound (Coulombe and Wong 2004) . In light of the large number of signaling proteins known to interact with IFs (e.g., see Omary et al. 2004; Green et al. 2005) , these alterations may well fulfill additional purposes during tissue repair. Two studies in particular revealed nonmechanical roles for IF proteins in this setting (Perlson et al. 2005; Kim et al. 2006) .
Like K6 and K16, K17 is a wound-inducible gene in the embryonic ectoderm and in adult skin (Mazzalupo et al. 2003) . K17-null embryos exhibit a delay in the closure of surface wounds (Mazzalupo et al. 2003) , which correlates with a failure of wound-proximal epithelial cells to undergo the expected large increase in size ). K17-null skin keratinocytes are also smaller while in primary culture, where they reproducibly show an ∼18% depression in translation paralleled with reduced activity of Akt and mTOR kinases, selectively . A newly discovered interaction between K17 and the adaptor 14-3-3, which is enriched in stratified epithelia and is seemingly wound-inducible in skin, provided part of the explanation for this surprising phenotype ). 14-3-3 proteins had been implicated by others as activators of protein synthesis since they somehow negate TSC1/TSC2's ability to negatively regulate mTOR (Bertram et al. 1998; Cai et al. 2006) . Most likely, site-specific phosphorylation on the head domain of K17 creates a composite binding site for 14-3-3, causing its partial retention in the cytoplasm, where it can foster a full activation of mTOR in woundor serum-activated keratinocytes . Does this newly defined function of K17 apply to other epithelial settings, and moreover, is it provided by other IF proteins in relevant settings? There are indications that such is the case. Suprabasal keratinocytes are markedly hypertrophied in the epidermis of K10-null mice, and this correlates with marked elevation in K17 and 14-3-3 proteins (Reichelt and Magin 2002) . K8-null hepatocytes also are smaller and show depressed protein synthesis while in culture, although the underlying mechanism is reportedly distinct from that occurring in K17-null keratinocytes (Galarneau et al. 2007 ). Vimentin (Tzivion et al. 2000) , GFAP (Satoh et al. 2004 ), K18 (Liao and Omary 1996) , and probably a score of other IF proteins, bind 14-3-3 in vivo. Consistent with the pleiotropic roles of 14-3-3 adaptor proteins in the cell, the significance of these interactions may vary depending on the 14-3-3 species involved and, of course, context. There is evidence that 14-3-3 binding regulates the assembly state and dynamics of K18-containing IFs (Liao and Omary 1996) and GFAP-containing IFs , and the K18/14-3-3 interaction also influences cell cycle progression (see below). Finally, keratins or other IF proteins interact with other components of the translational apparatus, including, for instance, eEF1B␥ (Bousquet et al. 2001 ), eIF3 (Lin et al. 2001 ), TSC1 (Haddad et al. 2002) , and even ribosomes (e.g., see Traub et al. 1998) . A recent study found that the translation elongation factor eEF1B␥ interacts with, and promotes the bundling of, various types of keratin, but not vimentin, IFs; conversely, disruption of the keratin-eEF1B␥ interaction in vivo affects protein synthesis in a manner comparable with eEF1B␥ silencing (S. Kim, unpubl.) .
More on keratin/14-3-3 interaction: a key to cell cycle entry?
Mitosis represents another key setting in which keratin phosphorylation is linked to an increased association with 14-3-3. Modest overexpression of a K18 site-directed mutant (Ser33 → Ala) unable to bind 14-3-3 elicits a limited mitotic arrest as well as abnormal mitotic figures in hepatocytes of regenerating adult mouse livers, correlating with altered keratin IF organization and aberrant localization of 14-3-3 in "nuclear speckles" (Ku et al. 2002) . In a more recent study, Margolis et al. (2006) proposed that phosphorylated keratins provide a "14-3-3 sink" required to drive the entry of Xenopus egg extracts into mitosis. Their data suggest that activation of the phosphatase cdc25, an event required for mitotic entry, occurs only once the bound 14-3-3 has been "transferred" to a new partner, a niche for which keratins may be ideally suited, given their abundance and perceived neutrality during mitosis. The model devised by Margolis et al. (2006) could account for the liver regeneration phenotype reported by Ku et al. (2002) and is also appealing in light of the marked increase generally seen in IF protein phosphorylation during the course of mitosis (for review, see Izawa and Inagaki 2006; Omary et al. 2006) . It also supports and extends the intriguing proposal that IF proteins provide a "molecular sink or sponge" for phosphorylation during key metabolic processes in the cell . Other than keratin, neurofilament proteins (Table 1) and, in particular, their tail domains have also been proposed to buffer excess kinase activity in neurons (Nguyen et al. 2001 ; for a different view, see Lobsiger et al. 2005) .
Vimentin and the long-range transport of ERK kinase after CNS injury
Like K17, vimentin was recently implicated in a novel, nonmechanical function at the edge of wounds in the CNS (Perlson et al. 2005 ). This type III IF gene, whose transcription is highly serum-responsive and broadly manifested during development, becomes highly restricted in the adult, but re-emerges in wound-proximal cells following injury to several tissues (Franke et al. 1982; Lane et al. 1983; Rittling and Baserga 1987; Baldwin and Scheff 1996) . After sciatic nerve injury, translation of vimentin and importin-␤ mRNAs is locally activated in the wound-proximal axoplasm, along with phosphorylation-dependent activation of ERK kinases. Newly synthesized vimentin would form a bridge between activated ERK and importin-␤, yielding a "retrograde transport complex" bound for the cell body in a dynein motor-and microtubule-dependent fashion.
Here, interaction with vimentin is thought to preserve the activated state of ERKs in the context of "long-range kinase signaling" (Perlson et al. 2005 (Perlson et al. , 2006 . Vimentin also fulfills a mechanical support role during wound repair in skin (Eckes et al. 2000) and in the CNS (along with GFAP) (Pekny et al. 1999) . Vimentin is reportedly required for proper ERK regulation in a distinct setting that connects ␤ 3 -adrenergic stimulation to the activation of lipolysis in cultured adipocytes (Kumar et al. 2007) . In yet another example of its involvement in the response of tissues to injury, vimentin influences the balance between endothelin and nitric oxide signals, and thus affects the response of resistance arteries to flow, following partial nephrectomy in mice ). That much is now clear: Cytoplasmic IF proteins participate in the regulation of a growing number of signaling pathways operating in a broad array of biological contexts (see below).
Cytoplasmic IFs and cell death via apoptosis: a love-hate relationship
Cytoplasmic IFs attenuate death receptor-mediated apoptosis
IF proteins attenuate the response to specific proapoptotic signals in several cell culture models and physiological settings (Caulin et al. 2000; Oshima 2002 ). This cell-autonomous role can be mediated by various mechanisms, depending on the IF protein involved and biological context. For instance, several type I keratins, including K18, K14, K16, and K17, bind TRADD, an adaptor protein that is recruited to the liganded TNF receptor 1 and essential for downstream signal relay, including the formation of death-inducing signaling complexes. Inada et al. (2001) provided cell culture-based evidence supporting a sequestration model whereby TRADD's interaction with K18 prevents it from being recruited to activated TNFR1, resulting in signal attenuation. In vivo, abrogation of the keratin-TRADD interaction could account for enhanced susceptibility to TNF␣ in two contexts: the trophectoderm failure and associated mid-gestational lethality seen in K8-null embryos (Jaquemar et al. 2003 ) and the premature entry of hair follicles in the involution phase of their growth cycle in K17-null mice (Tong and Coulombe 2006) . Of note, K17's ability to modulate TNF␣ signaling is genetically independent from its function of structural support (Tong and Coulombe 2006) . The K8-and K17-null phenotypes are only partially rescued by TNF␣ deficiency (Jaquemar et al. 2003; Tong and Coulombe 2006) , indicating that the mechanism(s) through which K8 and K17 promote cell survival are complex. In the case of the trophectoderm phenotype, K8/K18 have also been shown to bind the cytoplasmic portion of TNFR2 and LT␤R receptors (Caulin et al. 2000) , and, as mentioned above, their interaction with Mrj is key to their turnover and proper cell homeostasis in that context (Watson et al. 2007) .
In mouse liver hepatocytes, lack of K8 results in a complete absence of keratin filaments and selectively enhances susceptibility to Fas-mediated apoptosis. This trait correlates with an increased density of Fas receptors at the surface (Gilbert et al. 2001 ) and significant decreases in ERK1/2 activity and in the anti-apoptotic protein c-Flip, which interacts with K8/K18 (Gilbert et al. 2004) . The pattern of site-specific phosphorylation on K8/K18 is significantly altered early after Fas receptor stimulation in mouse liver (Ku et al. 2003) , and modest overexpression of the phosphorylation mutant K8 S73A significantly enhances Fas-mediated apoptosis in transgenic mouse livers . It thus appears that the same set of IF proteins can attenuate distinct proapoptotic signals in different tissues.
Last but not least, nestin, an intriguing IF protein expressed in several adult tissue stem cells (Table 1) , promotes the survival of neuronal progenitor cells facing oxidative stress and apoptosis, through its ability to scaffold and regulate the activity of the cyclin-dependent kinase 5 (cdk5) and its regulator p35 (Sahlgren et al. 2006) . Interactions between select kinases and IFs appear instrumental in regulating signaling toward apoptosis Sahlgren et al. 2006) .
Cytoplasmic IFs nucleate the apoptotic machinery and facilitate the execution of death
As the apoptotic program moves into its execution phase, the self-contained destruction of the cell and its packaging into small, membrane-bound fragments that can be cleanly disposed of by phagocytes requires that the cytoskeleton be rearranged (Moss and Lane 2006) . Several IF proteins are directly cleaved, at an early stage, by the effector caspases that drive cell destruction. Cleavage occurs at a conserved location within the rod domain (and at additional sites in some cases) (Fig. 1A) , causing loss of filament integrity and destruction of the nuclear and cytoplasmic IF networks (Oshima 2002; Omary et al. 2004) . Cleavage is important for the timely execution of apoptosis, as evidenced by the delay incurred when caspase-insensitive forms of lamins (Rao et al. 1996) and desmin (Chen et al. 2003) are overexpressed (see also Schietke et al. 2006) . Equally interesting, the caspase 6-mediated cleavage of lamin A/C is required for complete chromatin condensation during apoptosis (Ruchaud et al. 2002) . The early onset and efficient cleavage of IF proteins may be fostered by physical proximity, as key effectors of the apoptotic machinery, including ubiquitinated DEDD (death effector-containing DNAbinding protein) and procaspase 3, bind cytoplasmic IFs (Lee et al. 2002; Schutte et al. 2006 ). In the case of DEDD, increased association with keratin IFs correlates with heightened sensitivity to apoptosis in many epithelial cell lines (Schutte et al. 2006) . Caspase cleavage of IF proteins has further significance. In synovial fibroblasts isolated from rheumatoid arthritis patients, for instance, vimentin cleavage is coupled to the release of filamentbound p53 and its transport to the nucleus, where it can enhance TNF␣-induced apoptosis (Yang et al. 2005 ). In the clinic, immune detection of the caspase-generated C-terminal fragment of K18 in serum represents a useful diagnostic tool when assessing the response of cancer patients to therapy (e.g., see Ueno et al. 2003; Bantel et al. 2004) .
In a general manner, therefore, cytoplasmic IF proteins tend to antagonize death receptor-induced apoptosis by attenuating the strength of the signals that feed into the formation of death-inducing complexes, but promote apoptosis once commitment to execute it is made. Whether IFs also regulate the mitochondria-dependent, intrinsic apoptotic death pathway is unclear. Many types of IFs reportedly bind mitochondria (for review, see Toivola et al. 2005) , and the muscle-specific expression of Bcl2 rescues the mitochondrial defects and ameliorates the cardiomyopathy that occurs in desmin-null mice (Weisleder et al. 2004 ).
IFs and vectorial processes: protein targeting, vesicle transport, and cell adhesion
Vimentin's involvement toward the retrograde transport of ERK1/2 in injured neurons (Perlson et al. 2005) , already discussed above, represents one among many findings reflecting the involvement of IF proteins in vectorial, or spatially restricted, processes in the cell. To sum up this new aspect of their function in the cell, IFs have now been shown to participate in the targeting of proteins to specific locations in polarized cells, in the transport and distribution of organelles, and in the regulation of cell-cell and cell-matrix adhesion.
Protein targeting in polarized epithelial cells
In simple epithelial linings, the formation and maintenance of two domains within the plasma membrane, apical and basolateral, allows for vectorial exchanges between lumen and stroma compartments. Their existence depends in part on the existence of a physical boundary separating them (i.e., tight junctions and other adhesive elements), along with the ability to differentially target specific effector proteins. Recent studies have uncovered protein targeting defects in the gut epithelial lining of mice lacking K8. In the jejunum section of the small intestine, several markers including sucrase-isomaltase, the CFTR chloride ion channel, alkaline phosphatase, and syntaxin-3 (an effector of the SNARE vesicular transport machinery) are either mistargeted or missing from the apical compartment of epithelial cells (Ameen et al. 2001) . This is manifested near the tip of villi and not in the crypts, where epithelial cells express a related keratin, K7 (Ameen et al. 2001 ). In the large intestine, several proteins involved in the regulation of the sodium chlo-ride balance including H,K-ATPase ␤ and the sodium transporter ENaC are aberrantly distributed, while the anion-exchanger-1/2 is up-regulated. These alterations likely underlie the chronic diarrhea and compensatory hyperplasia seen in K8-null mice surviving to adulthood (Toivola et al. 2004) . Down-regulation of K19 in cultured CACO-2 epithelial cells also causes mistargeting of membrane proteins to the apical pole (Salas et al. 1997) . In K8-null liver hepatocytes, the normally apical ectoATPase is mislocalized (Satoh et al. 1999; Ameen et al. 2001) , and, as discussed above, the Fas receptor is aberrantly displayed at the cell surface (Gilbert et al. 2001) .
While the mechanism(s) underlying these surprising defects are unknown, the emerging role of K8/K18/K19 filaments toward the peculiar organization of microtubules in polarized simple epithelial cells (Salas 1999) may play a role. In such cells, the subapical region is enriched in keratin IFs (Fig. 1F) , which, in turn, promote a local enrichment of microtubule organizing centers (MTOCs) through the ability of K8 to bind the ␥-tubulin ring complex-binding protein GCP6 (Oriolo et al. 2006) . Accordingly, MTOCs are aberrantly localized, leading to microtubule disorganization, in gut epithelial cells lacking K8 (Oriolo et al. 2006) . A microtubule-dependent defect has also been invoked to explain the aberrant trafficking of Fas receptors to the surface to K8-null hepatocytes (Gilbert et al. 2001) . Also of potential relevance, ezrin transiently associates with keratin IFs at an early stage of the formation of the F-actin-rich apical brush border in intestinal epithelial cells (Wald et al. 2005) . Finally, IF proteins have been shown to interact with the microtubule-dependent kinesin and dynein motors (see Helfand et al. 2004; Betz et al. 2006) , and with myosins (Jazwinska et al. 2003) including myosin Va (Rao et al. 2002a) , an actin-dependent motor specialized in organellar transport. Disruption of any of these interactions could contribute to these IF-dependent protein targeting defects.
IFs and the targeting and regulation of cell adhesion proteins
It has long been known that cytoplasmic IFs are attached at cell membrane-spanning adhesions complexes specialized toward the maintenance of tissue integrity. These include desmosome cell-cell junctions in epithelia and cardiac muscle, which feature a special class of cadherin cell-cell adhesion molecules, and hemidesmosomes, which are integrin ␣ 6 ␤ 4 -mediated linkages to the extracellular matrix (see Green and Jones 1996; Kottke et al. 2006; Litjens et al. 2006 ). The molecular underpinnings, physiological importance, and clinical relevance of these linkages are well-defined and have been reviewed elsewhere (Fuchs and Cleveland 1998; Wiche 1998; Getsios et al. 2004; Jefferson et al. 2004; . In recent years, we learned that IFs can also be anchored at cell junctions mediated by classical cadherins (e.g., see Kowalczyk et al. 1998; Kim et al. 2005) and at "nonhemidesmosomal," integrin-mediated linkages to the substratum, such as focal adhesions (e.g., see Tsuruta and Jones 2003; Kreis et al. 2005) . In this latter case, synemin (Table 1) , whose unusually long nonhelical tail domain features binding sites for actin-associated adhesion plaque proteins (Uyama et al. 2006) , likely plays a role.
A pair of recent studies highlighted the importance of IFs in regulating integrin-based adhesion in migrating cells. Ivaska et al. (2005) showed that PKC-dependent phosphorylation of the vimentin head domain controls the exit of integrins from a vesicle-and cytoskeletalbound intracellular compartment to the plasma membrane in migrating mouse embryonic fibroblasts. In addition to providing key insight into the requirement for PKC activity during migration, this finding also reilluminates the classic observation that tumor cell lines showing a high vimentin content show an increased metastatic potential (Hendrix et al. 1996 (Hendrix et al. , 1997 . In the second study, Nieminen et al. (2006) showed that vimentin-containing IFs form a dynamic anchoring structure at the site of contact made by peripheral blood mononuclear cells (PMBCs) when diapedesis is initiated. Loss of vimentin significantly impairs the homing of PBMCs to mesenteric lymph nodes and spleen, correlating with a drastic loss of the cell-surface exposure, and polarization, of the adhesion molecules ICAM-1 and VCAM-1 on PBMCs, and of integrin-␤1 on endothelial cells. These two studies significantly extend prior work by Brown et al. (2001) , who had shown that vimentin is key to the mechanical integrity of lymphocytes while in circulation as well as during diapedesis.
IFs and vesicular transport
Studies led largely by Faundez and colleagues revealed a role for IF proteins, vimentin in particular, in the traffic of lysosomes (Styers et al. 2004 (Styers et al. , 2005 (Styers et al. , 2006 . Vimentinnull fibroblasts, which lack IFs altogether (ColucciGuyon et al. 1994) , exhibit fewer autophagosomes and an unusual concentration of lysosomes in the perinuclear area (Styers et al. 2004 ). Conversely, pharmacological or genetic disruption of vesicular transport has a profound impact on vimentin IF organization in fibroblasts (Styers et al. 2006) . These defects likely stem from the perturbation of the interaction between vimentin and AP-3, an adaptor complex crucial for the intracellular sorting of a subset of lysosomes as well as several specialized, lysozome-related organelles such as melanosomes and synaptic vesicles (Styers et al. 2004) . Reflecting the interdependency of these two "unlikely partners," fibroblasts null for either vimentin or AP-3 share several specific defects, including depressed zinc intracellular stores and a reduced ability to acidify lysosomes (Styers et al. 2004 ). The mechanism(s) underlying this novel function remains to be defined; possibilities range from simple sequestration, an idea that has already been proposed to account for the significance of vimentin's interaction with SNAP-23 (a protein involved in vesicle fusion) (Faigle et al. 2000) , to regulating the association of molecular motors with AP-3-coated vesicles. Vimentin's ability to bind negatively charged phospholipids through its nonhelical head domain could also play a role (e.g., see Horkovics-Kovats and Traub 1990) .
This newly defined role is likely fulfilled by other IF proteins in distinct cell types. For instance, AP-3 also binds the neuronal proteins peripherin and ␣-internexin (cf. Table 1 ; Styers et al. 2004) , and there is evidence showing that the directional mobility of vesicles targeted for exocytosis is reduced in astrocytes lacking GFAP and vimentin (Potokar et al. 2007 ). Studies in humans (Uttam et al. 1996; Betz et al. 2006 ) and mice (Fitch et al. 2003; McGowan et al. 2006) suggest that keratin IFs impact the intracellular transport and/or distribution of melanin granules in basal layer keratinocytes, thus influencing skin pigmentation in vivo (see Gu and Coulombe 2007) . Of note, a deficiency in a subunit of the AP-3 complex accounts for the pigmentation anomalies of the Mocha mouse (Kantheti et al. 1998 ).
Concluding remarks and future prospects
Studies having unfolded in the recent past have led to the realization that both nuclear and cytoplasmic IFs perform a broad variety of important functions beyond structural support. We offered here an abbreviated account of what they are (Table 3) . A rationale for the large size of this family, and the context-dependent regulation of its individual members, appears to be finally emerging. Multiplicity of sequences, along with promiscuous polymerization rules, engenders a broad range of surface chemistries that may serve IFs well not only toward adapting their roles of mechanical support, but, perhaps more compellingly, also enabling them to promote specialized cytoarchitectures and modulate key signaling pathways in a manner that enhances and supports the differentiated phenotype. However inspiring, such thinking makes a number of assumptions that have yet to be verified by rigorous experimentation (see below). Otherwise, there certainly are additional exciting roles awaiting discovery.
The intriguing question arises as to whether IFs are generally involved in the templating and/or regulation of phosphorylation, and related regulatory signals, in the cell. Other than ERK, cdk5, and cdc25, already covered in this text, various IF proteins bind to many additional kinases, including PKC, PKA, CaMKII, JNK, Akt, Rho kinase, and Raf-1 (for reviews, see Izawa and Inagaki 2006; Omary et al. 2006 ) and at least two more phosphatases: PP2A ) and PP1c (Oguri et al. 2006) . The RACK1-mediated interaction between plectin and PKC␦ is key to the proper regulation of this kinase, and to IF network organization, in skin keratinocytes placed under stress or engaged in migration (Osmanagic-Myers et al. 2006) . The idea of IFs as "signaling platforms" (e.g., see Paramio and Jorcano 2002; Coulombe and Wong 2004; Pallari and Eriksson 2006) has officially emerged, and further research is needed to uncover the extent of this phenomenon and how it works.
We are eagerly awaiting the genesis of structural models, with atomic resolution, for various types of polymerized IFs. The progress recently made in defining the core architecture of mature IFs, whether reconstituted in vitro or in their native tissue setting, will help overcome the difficulties experienced while attempting to solve the structure of their subunits (Strelkov et al. 2001) . Detailed structural knowledge is needed to understand why IFs are so adept at providing mechanical support, how they actually behave when placed under strain, and, at another level, how the mixing of IF proteins yields polymers with different properties and surface chemistry, the latter being a key determinant for interaction with cellular proteins and associated functions.
One cannot overemphasize the importance of defining how IF assembly and dynamics occur in a live cell and tissue setting, and their regulation. This knowledge is required, as an example, to determine whether IF proteins fulfill their nonmechanical functions as polymers or soluble entities. Conventional wisdom dictates that cellular pools of soluble IF subunits are small (<5%) (Soellner et al. 1985; Chou et al. 1993; Bernot et al. 2005) . But is this really the case? Nonpolymerized IFs can be "packaged" into large macromolecular complexes within the cell (e.g., see Prahlad et al. 1998; Lu et al. 2005) , so that the classical sedimentation-based definition of "polymerized" versus "soluble" pools may be misleading. New assays are needed. At a different level, studies of microtubules and F-actin (Alberts et al. 2002) established that a protein conformational switch in polymer-bound subunits is what fuels polymer dynamics at steady state. The same should apply to IFs, prompting the question of the nature of the mechanism involved. So far, the progress made in defining the roles of cytoplasmic IFs in vivo has originated mostly from studies involving genetically manipulated mice; that is, other species that are more readily tractable genetically have been relatively underexploited. For instance, C. elegans possesses several IF genes, many of them required for surviving late embryogenesis (Karabinos et al. 2001 (Karabinos et al. , 2004 . The mechanisms underlying this requirement are unknown. Alternatively, the zebrafish genome exhibits a mammalian-like complexity of IF genes (e.g., see Zimek and Weber 2005) and is also well-suited for random mutagenesis coupled with phenotypic screens (Geisler et al. 2007 ). These species are also readily amenable to live imaging, a powerful approach to define novel IF functions and study the underlying mechanisms (e.g., see Nieminen et al. 2006) .
Additional roles for cytoplasmic IFs will emerge from further characterization of already existing mouse models that exhibit intriguing phenotypes. One is the marked hyperproliferation seen in the basal layer of epidermis and sebaceous glands of K10-null mice, in the absence of cell fragility (Reichelt and Magin 2002; Reichelt et al. 2004 ; see also Santos et al. 2002) . Another one is the white-matter stress and other aspects of the CNS phenotype developing in mice engineered to express high levels of GFAP mutants that cause Alexander disease in humans (e.g., see Hagemann et al. 2006) . Here again, the pathology extends beyond astrocytes, the primary site of GFAP expression. Another compelling set of mouse findings relates to the phosphorylation-dependent, cell-autonomous, and cytoprotective effect provided by K8/K18 in liver hepatocytes exposed to metabolic toxins (e.g., see Ku et al. 1998) . Whether K8/K18 provides a phosphate-acceptor sink that buffers excessive kinase activity, as favored by Ku and Omary (2006) , or the phosphorylated epitopes on these keratins are regulating key effectors of the metabolic stress response, is unclear. Finally, identification of binding partners for IF proteins should continue to be a key source of inspiration for elucidating their roles in the cell, as well as provide a mechanistic basis for interesting phenotypes in genetically manipulated models.
